T cell, or transmembrane, immunoglobulin domain and mucin domain (Tim-3) is a type I membrane protein expressed on a variety of innate and adaptive immune cell types. Tim-3 is often referred to as a checkpoint receptor due to its apparent inhibitory function on T cells and its association with activation-induced T cell exhaustion in tumors and chronic viral infection ([@bib55]; [@bib27]; [@bib14]; [@bib26]; [@bib54]). Recent studies, however, suggest a more nuanced picture of Tim-3 function in T cells, depending on the setting, e.g., acute versus chronic stimulation ([@bib13]; [@bib18]). In addition to CD4 and CD8 T cells, Tim-3 is also expressed on other immune cell types, such as NK cells, macrophages, DCs, and mast cells, but its function on these cell types is less clear. Tim-3 blockade was shown to enhance macrophage function in response to sepsis ([@bib64]), and also to regulate antigen (Ag) presentation by DCs, partly through Btk and c-Src ([@bib38]). On the other hand, Tim-3 expression on monocytes infiltrating the CNS during EAE was shown to promote inflammation ([@bib5]).

Mast cells are first-line defenders against allergens and invading pathogens as a result of their proximity to the external environment. Cross-linking of IgE bound to the high-affinity IgE receptor FcεRI by Ag leads to the release of preformed mediators and de novo synthesis of proinflammatory and antiinflammatory mediators and cytokines, which together serve to regulate hypersensitivity, autoimmunity, cardiovascular disease, and tumor progression ([@bib28]). In addition to their well-known pathological roles in allergic responses, mast cells also contribute to defense against bacteria, helminthes, and tumors ([@bib1]). It was reported that mast cells constitutively express cell surface Tim-3, and that cross-linking of Tim-3 could enhance cytokine production of IgE-sensitized and Ag-stimulated BM-derived mast cells (BMMCs) and peritoneal mast cells (pMCs) without affecting degranulation ([@bib44]). TGF-β has been shown to up-regulate expression of Tim-3 in tumor-infiltrating mast cells and a human mast cell line, through a mitogen-activated protein kinase Erk-kinase (MEK)--dependent pathway ([@bib61]; [@bib65]). Although previous data suggest that Tim-3 is a positive regulator of mast cell activation, the molecular mechanisms behind the contribution of Tim-3 to mast cell function are still unknown. Importantly, there was until now no genetic evidence addressing the function of Tim-3 in these cells. Given the important role of mast cells as sentinels in both allergic and nonallergic diseases, it is of interest to explore Tim-3 activity on this cell type and how antibody (Ab) modulation can affect its function.

Here, we demonstrate through multiple approaches that Tim-3 functions to enhance proximal FcεRI signaling in mast cells. Cross-linking of Tim-3 with multiple independent antibodies enhanced mast cell degranulation and cytokine release in a dose-dependent manner. Acute knock-down or genetic deficiency of Tim-3 rendered mast cells less responsive to Ag cross-linking of FcεRI, resulting in decreased degranulation and cytokine production. The cytoplasmic tail of Tim-3 was required for co-stimulatory signal transduction in mast cells, together with FcεRI signaling pathways. This was shown in part with the use of recently reported Nur77-GFP transgenic models, which have not previously been used for the study of FcεRI signaling. Collectively, our data demonstrate that Tim-3 acts at a receptor-proximal level to intensify activation of FcεRI-dependent signaling pathways upon Ag cross-linking, while maintaining the threshold for negative signaling of Lyn.

RESULTS {#s01}
=======

Tim-3 cross-linking enhances cytokine production in IgE/Ag-stimulated BMMCs {#s02}
---------------------------------------------------------------------------

At least one Tim-3 Ab has been shown to enhance cytokine production in Ag-stimulated mast cells ([@bib44]). We examined the ability of other anti-Tim3 antibodies to co-stimulate FcεRI-mediated mast cell activation. In addition, we wanted to determine whether the effects of Tim-3 antibodies on mast cells might be the result of cross-linking--induced co-stimulatory activity or, as postulated in most T cell studies, an effect of Tim-3 blockade. Thus, 5D12, an Ab that is thought to antagonize the inhibitory activity of Tim-3 in T cells ([@bib5]; [@bib34]), was able to enhance mast cell IL-6 and TNF cytokine release in BMMCs, albeit not to the same extent as a polyclonal Tim-3 Ab (pAb; [Fig. 1 A](#fig1){ref-type="fig"}). We also determined that the 5D12 Ab alone does not induce cytokine production by mast cells ([Fig. 1 B](#fig1){ref-type="fig"}). Another, less well-characterized, monoclonal Ab (3E3) also exhibited co-stimulatory activity when combined with IgE/Ag treatment ([Fig. 1 C](#fig1){ref-type="fig"}). As previously demonstrated ([@bib44]), Tim-3 antibodies did not affect Ag-induced mast cell degranulation as read-out by β-hexosaminidase release 30 min after stimulation. However, we were able to detect a small, but significant, increase in the percentage of mast cells degranulating at 90 min after stimulation, using a flow cytometry-based assay ([Fig. 1 D](#fig1){ref-type="fig"}). In addition to yielding a higher signal-to-noise ratio that allowed for more accurate assessment of IgE/Ag-induced degranulation, this assay revealed that engagement of Tim-3 may need to be maintained for an extended period of time to mediate this particular co-stimulatory activity. Fcγ receptors, including FcγRIIB, are expressed abundantly on mast cells and have been shown to inhibit the induction of cellular activation programs in an ITIM-dependent manner ([@bib37]). Therefore, we compared IL-6 release by BMMCs as above, with or without addition of an FcγR-blocking mAb. Although FcγR binding was not a factor at the concentrations of Tim-3 pAb used throughout this study (5 µg/ml), blocking Fcγ receptor binding to the Tim-3 mAb 5D12 actually further enhanced the agonistic effect of this Ab ([Fig. 1 E](#fig1){ref-type="fig"}). Thus, the ability of Tim-3 antibodies to enhance mast cell activation was not a result of FcγR binding.

![**Tim-3 antibodies enhance IgE/Ag-mediated IL-6 and TNF production in BMMCs with a modest effect on degranulation.** (A--C) BM mast cells (BMMCs) were generated from C57BL/6 mice, sensitized with IgE overnight, and then stimulated with either Ag alone, Ag with Tim-3 pAb, mAbs 5D12, 3E3, or the respective isotype controls, for 6 h. Culture supernatants were collected and analyzed for IL-6 (left) or TNF (right) by ELISA. Results shown are representative of three independent experiments performed in duplicates. (D) BMMCs were sensitized overnight with IgE, stimulated with DNP~32~-HSA alone or together with isotype control, or Tim-3 pAb, for 30 min. Degranulation was assessed by measurement of β-hexosaminidase release (left); alternatively, cells were labeled with LysoTracker Deep Red, sensitized with IgE for 1 h, and stimulated with Ag in the presence of isotype control or indicated amount of Tim-3 pAb for 90 min before Annexin V staining and flow cytometry analysis (right). Results shown are average of three independent experiments performed in triplicates. (E) BMMCs were sensitized and stimulated for 6 h with Ag in the presence of isotype control, Tim-3 pAb (left), or 5D12 (right), with or without Fc block (2.4G2). Supernatants were harvested and analyzed by ELISA for IL-6. Results shown are based on duplicate samples and are representative of two independent experiments. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005.](JEM_20150388_Fig1){#fig1}

Tim-3 knockdown or KO attenuates FcεRI-mediated cytokine production in BMMCs {#s03}
----------------------------------------------------------------------------

We next determined whether Tim-3 deficiency could impact the maturation and/or function of BMMCs, using Tim-3 KO mice ([@bib19]). Tim-3 deficient BMMCs exhibited normal development and maturation compared with WT controls, as judged by similar levels of c-kit and FcεRI expression at various times during their in vitro development ([Fig. 2 A](#fig2){ref-type="fig"}). Strikingly however, Tim-3 KO BMMCs displayed a significant defect in cytokine production in response to FcεRI activation, using either low (DNP~5~) or high (DNP~32~) valency Ag ([Fig. 2 B](#fig2){ref-type="fig"}). Of note, we observed significantly stronger stimulation with low valency Ag, likely due to the delayed engagement of negative feedback pathways that serve to down-regulate FcεRI signaling ([@bib63]; [@bib42]; [@bib49]; [@bib10]). Thus, previous studies have noted the preferential engagement of positive or negative signaling pathways upon stimulation with low or high valency (or concentration) of Ag, respectively ([@bib63]; [@bib36]). Importantly, the co-stimulatory effects of Tim-3 pAb or mAb 5D12 were severely impaired in Tim-3 KO BMMCs, which further reinforced the specificity of these antibodies for Tim-3 ([Fig. 2 C](#fig2){ref-type="fig"}). In agreement with our findings ([Fig. 1 D](#fig1){ref-type="fig"}) that Tim-3 antibodies modestly enhance mast cell degranulation, Tim-3 deficiency impaired Ag-induced degranulation of BMMCs, using the flow cytometry--based assay ([Fig. 2 D](#fig2){ref-type="fig"}). Thus, Tim-3 deficiency impaired the ability of BMMCs to generate robust responses to IgE receptor cross-linking, demonstrating that endogenous Tim-3 modulates the intensity of FcεRI signaling upon Ag challenge.

![**Tim-3 regulates cytokine production by BMMCs.** (A) BMMCs from WT or Tim-3 KO mice were differentiated as described in Materials and methods. Maturity of BMMCs was determined by FcεRI and c-kit staining. Tim-3 surface expression was compared between WT and Tim-3 KO BMMCs, which were sensitized with IgE overnight and stimulated with the indicated amount of Ag and Tim-3 pAb or 5D12 mAb. (B-C) Supernatants were collected after 6 h and analyzed by ELISA for IL-6. (B) BMMCs were stimulated with low valency (DNP~5~; left) or high valency (DNP~32~; right) Ag. (C) BMMCs were stimulated with high valency Ag, plus isotype control, Tim-3 pAb (left), or Tim-3 mAb (right). (D) BMMCs were stimulated with high valency Ag alone (left), or with isotype control or Tim-3 pAb (right), followed by quantitation of degranulation by flow cytometry. Results are representative of three independent experiments performed in duplicate. \*, P \< 0.05; \*\*, P \< 0.005.](JEM_20150388_Fig2){#fig2}

Multiple cis- and trans-acting Tim-3 ligands have been described, and thus far include phosphatidylserine (PS), galectin-9, high mobility group protein B1 (HMGB1), and CEACAM1, none of which is specific to Tim-3 ([@bib20]; [@bib4]; [@bib18]; [@bib24]). Furthermore, antibodies targeting Tim-3 have been shown to deliver either agonistic or antagonistic actions, as interpreted in the context of positive or negative effects that Tim-3 may exert on the specific cell type or disease model ([@bib41]; [@bib5]; [@bib31]; [@bib14]; [@bib10]; [@bib38]). It was important to confirm that the effects of Tim-3 deficiency observed in the knockout mice were not caused by secondary effects on mast cell development. Thus, we next determined whether acute Tim-3 deficiency would have a direct impact on mast cell activation, by siRNA knockdown, while taking an agnostic view toward specific Tim-3 ligands. Consistent with a positive role of Tim-3, as demonstrated in Tim-3 KO BMMCs, even incomplete knockdown of Tim-3 (∼80% knockdown efficiency) resulted in a reduction of IL-6 production in Ag-stimulated BMMCs, a defect that was further emphasized when BMMCs were co-stimulated with Ag and Tim-3 pAb ([Fig. 3, A and B](#fig3){ref-type="fig"}). Similar results were obtained across multiple batches of BMMCs, as well as when the anti-Tim3 mAb 5D12 was used, providing further evidence that Tim-3 functions as a positive regulator of FcεRI-induced cytokine production in mast cells ([Fig. 3 C](#fig3){ref-type="fig"}). Furthermore, our experiments with Tim-3 KO BMMC confirmed that Tim-3 pAb and 5D12 are indeed specific to Tim-3.

![**Tim-3 knockdown attenuates Ag-induced cytokine production by BMMC.** BMMCs generated from C57BL/6 mice were transfected with control (nonsp) or Tim3-specific siRNA. (A) 48 h later, cells were analyzed by flow cytometry for Tim-3 expression. (B and C) BMMCs were sensitized overnight with IgE and stimulated with DNP~32~-HSA for 6 h. IL-6 secretion was assessed by ELISA, using either Tim-3 pAb (B) or 5D12 (C) for co-stimulation. Results are representative of three independent experiments, performed in duplicate. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005.](JEM_20150388_Fig3){#fig3}

Tim-3 requires tyrosine phosphorylation of its cytoplasmic tail to augment mast cell activation {#s04}
-----------------------------------------------------------------------------------------------

The cytoplasmic tail of Tim-3 contains six conserved tyrosine residues, at least some of which have been shown to couple to the intracellular signaling network downstream of TCR/CD3, based on our previous study ([@bib34]). Contrary to its apparent inhibitory role in vivo, ectopic expression of Tim-3 in human and murine T cell lines augmented CD3/CD28-stimulated NF-κB and NFAT/AP1 activation in a manner that was dependent on the Tim-3 cytoplasmic tail, particularly residues Y256 and Y263 ([@bib34]). Therefore, we asked whether overexpression of Tim-3 in a mast cell line could also augment transcriptional activation by Ag receptor signaling. We expressed our previously described full-length (FL) murine Tim-3, a truncation (T1) lacking the three most distal C-terminal tyrosines, and a truncation (T2) lacking all tyrosines but one membrane-proximal tyrosine, in the mouse mast cell line MC/9 ([Fig. 4 A](#fig4){ref-type="fig"}). Similar to our findings in T cells, FL Tim-3 efficiently augmented NF-κB, NFAT, AP1, and NFAT/AP1 composite reporter activity, compared with empty vector control, in IgE/Ag-stimulated mast cells ([Fig. 4, B and C](#fig4){ref-type="fig"}; and not depicted). The cytoplasmic tail was important for Tim-3 signal transduction in mast cells, as all reporter co-stimulatory activity was abrogated when the T2 Tim-3 construct was expressed. Although induction of NFAT/AP1 activity required mainly the more N-terminal tyrosines ([Fig. 4 C](#fig4){ref-type="fig"}), NF-κB transcriptional activity was sensitive to deletion of both N- and C-terminal tyrosines ([Fig. 4, B and C](#fig4){ref-type="fig"}). Intriguingly, the T2 construct appeared to possess dominant-negative activity in these assays. Because Tim-3 cross-linking enhanced IL-6 secretion, and there are binding sites for NF-κB, AP1, and C/EBP in the IL-6 promoter ([@bib2], [@bib3]; [@bib25]; [@bib35]; [@bib6]), we examined the IL-6 promoter to determine if it was impacted by Tim-3 overexpression. As expected, FL Tim-3 augmented IL-6 promoter activity in a dose-dependent manner ([Fig. 4 D](#fig4){ref-type="fig"}). These results suggest that Tim-3 mediates its co-stimulatory effect on IL-6 production through transcriptional activation of NF-κB and AP1, which in turns drives IL-6 promoter activation and cytokine production.

![**Tim-3 cytoplasmic tail tyrosines are required to augment NF-κB, NF-AT/AP1, and IL-6 transcriptional activation in a Syk-dependent manner.** (A) MC/9 mouse mast cells were transfected with empty vector (pCDEF3) or one of the indicated Flag-tagged Tim-3 constructs. Transfected MC/9 mast cells were stimulated with IgE and 50 or 100 ng/ml of DNP~32~-HSA, with or without addition of anti-Flag Ab for 6 h. (B and C) MC/9 mast cells were cotransfected with luciferase reporters for NF-κB (B) or NFAT/AP-1 (C). (D--G) MC/9 mast cells were cotransfected with empty vector (pCDEF3) or full-length Flag-tagged Tim-3 and an IL-6 promoter luciferase reporter. Transfected cells were stimulated with IgE and Ag in the presence or vehicle control (DMSO), BAY61-3606 (E), or PP2 compounds (F) for 6 h. (G) MC/9 mast cells were transfected with the indicated Tim-3 constructs and IL-6 promoter luciferase reporter and stimulated as described above. Results are representative of three independent experiments performed in triplicate. \*\*, P \< 0.005; \*\*\*, P \< 0.0005.](JEM_20150388_Fig4){#fig4}

Next, we explored the role of known FcεRI signaling intermediates in Tim-3 function in mast cells. Using IL-6 reporter activity as a read-out, we treated FL Tim-3--transfected MC/9 mast cells with the Src family tyrosine kinases (SFK) inhibitor PP2 or the Syk kinase inhibitor BAY61-3606, which demonstrated potent inhibition of Src phosphorylation and total tyrosine phosphorylation, respectively (unpublished data). IL-6 reporter activity was severely impaired in the presence of the Syk inhibitor, consistent with a strict requirement for Syk in FcεRI signaling ([@bib53]; [@bib16]) and overexpression of Tim-3 did not rescue this inhibition ([Fig. 4 E](#fig4){ref-type="fig"}). In contrast, PP2 inhibited IL-6 reporter activity only at high concentrations (10 µM), where pSrc was severely diminished (not depicted), whereas lower concentrations of PP2 actually enhanced IL-6 promoter responses ([Fig. 4 F](#fig4){ref-type="fig"}). Tim-3 co-stimulatory activity was also similarly modulated by high versus low concentrations of PP2 ([Fig. 4 F](#fig4){ref-type="fig"}). Several SFK family members are expressed in mast cells, including Lyn, Fyn, and Hck, whose positive and/or negative regulatory function can be differentially modulated using either high or low dose PP2 ([@bib49]). Thus, low-dose PP2 appears to selectively block the negative regulatory functions of SFKs, whereas high-dose PP2 preferentially affects the positive function. Returning to the tyrosines within the Tim-3 cytoplasmic tail, we previously showed that phosphorylation of tyrosines 256 and 263 in the Tim-3 cytoplasmic tail is essential for its co-stimulatory activity in T cells ([@bib34]). Consistent with this finding, a full-length Tim-3 construct harboring tyrosine to phenylalanine mutation at these sites (Y256/263F) also abrogated Tim-3­--augmented IL-6 reporter activation in mast cells. Phosphorylation of tyrosines 256 and 263 appears to be the dominant mode of activation, as additional deletion of the three C-terminal tyrosines did not result in further reduction of IL-6 reporter activity ([Fig. 4 G](#fig4){ref-type="fig"}).

Tim-3 shares signaling components with FcεRI pathway {#s05}
----------------------------------------------------

We wanted to further explore the possibility that Tim-3 could augment FcεRI signaling, as opposed to acting through a parallel signaling pathway. We generated BMMCs from transgenic Nur77^GFP^ mice ([@bib68]) to determine if Ab-modulated Tim-3 activity could supplement Ag receptor activation. Nur77, also known as NR4A1, is a member of the orphan nuclear receptor subfamily NR4A, and is an immediate early gene that can be induced upon a variety of stimuli ([@bib66]; [@bib39]; [@bib33]). Nur77^GFP^ reporter mice have been useful tools to study development and activation of lymphocytes, as the intensity of T cell and B cell Ag receptor activation is proportional to GFP expression ([@bib43]; [@bib68]). We found that Nur77^GFP^ expression could be induced in Ag-stimulated BMMCs in a dose-dependent manner ([Fig. 5 A](#fig5){ref-type="fig"}), and its expression was maintained for at least 48 h (not depicted). Nur77^GFP^ induction was further augmented in Tim-3 pAb co-stimulated cells, but was not induced by Tim-3 pAb alone ([Fig. 5 B](#fig5){ref-type="fig"} and not depicted). In addition, Tim-3 cross-linking did not augment Nur77^GFP^ induction when administered with a low dose of either the phorbol ester PMA or ionomycin (unpublished data). Our results further revealed that the co-stimulatory effect observed with Tim-3 pAb is unique to Tim-3, as engagement of the related family member Tim-1 (also expressed on BMMCS) by its ligand Tim-4 did not yield similar GFP up-regulation ([Fig. 5 C](#fig5){ref-type="fig"}). Thus, our results demonstrate that Tim-3 acts at a point proximal to FcεRI to up-regulate the magnitude of IgE/Ag-dependent signaling, rather than signaling through a parallel pathway.

![**Nur77-GFP reporter expression is induced by IgE/Ag and enhanced by coengagement of Tim-3.** BMMCs were generated from Nur77^GFP^ reporter mice, sensitized with IgE overnight, and stimulated with Ag. In A, Ag (DNP~32~-HSA) was titrated over a range of 10--500 ng/ml. PMA plus ionomycin stimulation was used as a positive control. GFP expression was determined after stimulation for 6 h. (B) Nur77^GFP^ BMMCs were stimulated with a fixed concentration of Ag, with or without Tim-3 pAb for 6 h. (C) Nur77^GFP^ BMMCs were stimulated with IgE/Ag and either Tim-3 pAb or Tim4-Fc (which binds to Tim-1), or appropriate isotype controls. (D) Nur77^GFP^ BMMCs were stimulated with IgE/Ag plus either inhibitor to Src kinases (PP2) or Syk (BAY). (E) Nur77^GFP^ BMMCs were stimulated with IgE/Ag and the indicated inhibitors to MEK (UO126), Akt (Akt*i*1/2), calcineurin (CsA), PI3K (LY294002), or PKC (BIM). GFP signal was quantified by flow cytometry. Results are the average of three independent experiments performed in duplicate. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005.](JEM_20150388_Fig5){#fig5}

Nur77^GFP^ has been demonstrated to be a faithful reporter for Ag receptor signaling in T and B cells, and now from our findings, in mast cells as well. Given the limited knowledge of how Nur77 expression is regulated in mast cells, we explored the contribution of various signaling pathways downstream of FcεRI to Nur77^GFP^ expression using pharmacologic inhibitors. Similar to our observations with IL-6 reporter activity ([Fig. 4](#fig4){ref-type="fig"}), low doses of the Src kinase inhibitor PP2 actually led to an Ag-dependent increase in Nur77^GFP^ induction, whereas high dose PP2 had no effect ([Fig. 5 D](#fig5){ref-type="fig"}). In contrast, the Syk inhibitor completely abrogated Ag-stimulated Nur77 expression, a phenomenon comparable to the effects of SFK and Syk inhibitors on Nur77^GFP^ induction in B cells ([Fig. 5 D](#fig5){ref-type="fig"}; [@bib68]). In addition, Nur77 expression was also regulated by MEK, PI3K/Akt, calcineurin/NFAT, and to a lesser extent, PKC ([Fig. 5 E](#fig5){ref-type="fig"}). To confirm our findings, we generated BMMCs and assessed Nur77^GFP^ induction using an independently generated Nur77^GFP^ reporter mouse model ([@bib43]). Although we observed somewhat less robust overall Nur77^GFP^ expression in response to Ag stimulation in mast cells from this strain, Tim-3 cross-linking also induced significant co-stimulation of FcεRI-mediated Nur77^GFP^ expression in this model (unpublished data). Thus, based on results obtained with two independent Nur77^GFP^ reporter strains, we propose that Tim-3 functions to strengthen FcεRI-dependent signaling itself, and not through a parallel pathway.

Bat3 and CEACAM1 are expressed by mast cells and associate with Tim-3 {#s06}
---------------------------------------------------------------------

The human leukocyte Ag B (HLA-B)--associated transcript 3 (Bat3) has been proposed to be a negative regulator of Tim-3 and to protect Th1 T cells from Tim-3--mediated cell death and exhaustion ([@bib51]). We therefore determined whether the co-stimulatory activity of Tim-3 in mast cells might be caused by a lack of Bat3 expression. We found that Bat3 was expressed in both primary BMMCs and the MC/9 mast cell line and that its expression was not affected by FcεRI cross-linking, either alone or in conjunction with Tim-3 engagement ([Fig. 6 A](#fig6){ref-type="fig"} and not depicted). Recently, carcinoembryonic Ag cell adhesion molecule 1 (CEACAM1), a molecule inhibitory activity, was described as a facilitator of Tim-3 surface expression and its subsequent inhibitory function in CD4^+^ T cells by forming heterodimers with Tim-3 ([@bib24]). As with Bat3, we wanted to determine whether lack of CEACAM1 expression might explain the co-stimulatory activity of Tim-3 on mast cells. We found that CEACAM1 was indeed expressed at a high level on both the MC/9 mast cell line and primary BMMCs ([Fig. 6 B](#fig6){ref-type="fig"}). Although Tim-3 expression was reduced upon Ag stimulation, CEACAM1 levels remained relatively unchanged ([Fig. 6 C](#fig6){ref-type="fig"}). Thus, the ability of Tim-3 to act as a co-stimulatory molecule to enhance FcεRI-mediated mast cell activation is not caused by an absence of Bat3 and/or CEACAM1 expression in these cells.

![**Tim-3 associates with subunits of FcεRI and is comodulated with FcεRI after stimulation with Ag and IgE.** (A--C) Tim-3--interacting proteins Bat3 and CEACAM1 are expressed in mast cells. BMMCs were stimulated with IgE/Ag in the presence of isotype control or Tim-3 pAb. Bat3 expression was determined by Western blotting (A). CEACAM1 expression was determined by flow cytometry in the resting state (B) or after stimulation with IgE/Ag (C); Tim-3 modulation was also assessed by flow cytometry. (D and E) Tim-3 IPs were analyzed for the presence of FcεRI γ chain (D; top) or β chain (E; top), or Tim-3 (bottom). (F) BMMCs were transfected with Tim3-mYFP, sensitized with IgE-Alexa Fluor 647 for 1 h, and settled onto poly-D-lysine--treated glass-bottom dishes coated with 1 µg/ml DNP~32~-HSA. Cells were fixed with 2% PFA after 1 h, and TIRF images were collected. Results are representative of three independent experiments (A--C) or two independent experiments (D--E). \*, P \< 0.05. The percentage of colocalized spots was derived from the average of 21 cells both labeled with anti-IgE-Alexa 647 and expressing Tim3-mYFP, in three independent experiments.](JEM_20150388_Fig6){#fig6}

Cell surface Tim-3 is comodulated with FcεRI after IgE and Ag stimulation {#s07}
-------------------------------------------------------------------------

Consistent with the aforementioned findings, which suggest that Tim-3 partners closely with the FcεRI, we observed by coimmunoprecipitation constitutive interaction between Tim-3 and the FcεRI β and γ subunits ([Fig. 6, D and E](#fig6){ref-type="fig"}). These interactions were diminished somewhat after Ag stimulation, possibly because of turnover in the total amount of Tim-3 protein. Next, we used total internal reflection fluorescence (TIRF) microscopy to obtain further evidence that Tim-3 localizes with, or proximal to, FcεRI. Thus, we were able to observe partial co-localization of Tim-3 and the FcεRI receptor at the cell surface when a Tim-3-mYFP construct was expressed in either WT or Tim-3 KO BMMCs ([Fig. 6 F](#fig6){ref-type="fig"}, yellow clusters; and not depicted). Ligation of FcεRI by IgE/Ag complexes has been shown to trigger receptor endocytosis and subsequent ubiquitin-mediated degradation, resulting in signal termination ([@bib40]). Because we observed a reduction of surface Tim-3 upon IgE/Ag stimulation ([Fig. 6 C](#fig6){ref-type="fig"}), our data suggested that surface Tim-3 may be internalized by a similar mechanism, perhaps even as part of the same FcεRI complex.

Tim-3 enhances Ag-triggered phosphorylation of PLC-γ1 and ribosomal protein S6 {#s08}
------------------------------------------------------------------------------

Ag stimulation of FcεRI triggers activation of the Src kinases Lyn and Fyn, which control the primary and complementary pathways downstream of FcεRI, respectively. Receptor aggregation by Ag stimulation leads to Lyn-mediated phosphorylation of the FcεRI β chain, as well as phosphorylation of the γ subunit of the receptor, which promotes Syk recruitment and activation. Syk mediates phosphorylation of downstream adaptor molecules, such as LAT and Slp76, and the enzyme PLC-γ1 ([@bib53]; [@bib17]; [@bib16]). Consistent with enhanced mast cell activation by Tim-3 Abs, the phosphorylation of PLC-γ1 (at Y783) was more robust in BMMCs co-stimulated with Ag and Tim-3 pAb ([Fig. 7 A](#fig7){ref-type="fig"}), compared with cells stimulated with Ag alone. One of the major signaling pathways that regulate cell growth, protein synthesis, and metabolism in mast cell is the PI3K--mTOR pathway ([@bib32]). We observed robust phosphorylation of ribosomal protein S6 after 30 min of IgE/Ag stimulation, when 80% of BMMCs exhibited high levels of pS6 and Tim-3 pAb did not have any additive effect ([Fig. 7 B](#fig7){ref-type="fig"}). However, Tim-3 cross-linking was able to maintain a significantly larger proportion of pS6^high^ cells for as long as 4 h after Ag stimulation, when pS6 levels had returned to baseline ([Fig. 7 B](#fig7){ref-type="fig"}). More importantly, the increase in pS6 correlated with the intensity of FcεRI engagement, as shown with Nur77^GFP^ BMMCs ([Fig. 7 C](#fig7){ref-type="fig"}). Overall, these results are consistent with a close physical and functional association between Tim-3 and the FcεRI.

![**Tim-3 cross-linking enhances PLC-γ1 and ribosomal protein S6 phosphorylation.** (A) BMMCs were sensitized with IgE overnight and stimulated as indicated for 10 min, lysed, and analyzed by Western blotting for phospho-PLC-γ1 (top), total PLC-γ1 (middle), and actin. (right) Quantification of relative proportions of PLC-γ1 phosphorylation. (B and C) Nur77^GFP^ BMMCs were stimulated as indicated and analyzed for pS6 (S235/236) by flow cytometry. Results are quantitated as %pS6^hi^ (B) and %pS6^+^GFP^+^ cells (C). Results are representative of three independent experiments. \*, P \< 0.05.](JEM_20150388_Fig7){#fig7}

Tim-3 functions through Lyn kinase to regulate FcεRI activating versus inhibitory signaling {#s09}
-------------------------------------------------------------------------------------------

Our in vitro studies thus far showed that Tim-3 signaling can positively regulate IgE/Ag-mediated mast cell degranulation and cytokine production. We next explored whether a similar function for Tim-3 could be observed in an in vivo model of mast cell--dependent anaphylaxis, with the commonly used passive cutaneous anaphylaxis (PCA) model. To our surprise, Tim-3 KO mice displayed a heightened immediate-phase PCA response compared with WT littermates, as measured by increased ear thickness ([Fig. 8 A](#fig8){ref-type="fig"}). We did find higher levels serum IgE in some, but not all, naive Tim-3 KO mice (two to three times; unpublished data), consistent with the slightly higher swelling observed in PBS-treated ears of Tim-3 KO mice ([Fig. 8 A](#fig8){ref-type="fig"}). However, this would not explain the higher PCA responses, as previous studies indicated that increased basal levels of IgE should result in higher receptor occupancy at baseline and less efficient priming with the exogenously administered IgE used in the PCA model ([@bib47]; [@bib49]).

![**Tim-3 regulates FcεRI positive versus negative signaling.** (A). PCA responses in WT (*n* = 13) and Tim-3 KO (*n* = 11) mice were measured as described in the Materials and methods*.* Results are representative of three independent experiments totaling 19 WT and 14 Tim-3 KO mice. Outliers were removed using QuickCalcs software (GraphPad). Lyn siRNA-treated cells were sensitized with IgE and stimulated with low valency (B) or high valency (C) Ag, plus isotype control, Tim-3 pAb, or Tim-3 mAb. (D) Efficiency of siRNA-mediated Lyn knockdown in BMMCs. Results shown are representative of three independent experiments performed in duplicate. (E) Proposed model for the effects of Tim-3 engagement or deficiency on the functional outputs downstream of FcεRI signaling. Note that the effects of Tim-3 deficiency closely mirror those of partial loss-of-function of Lyn kinase activity.](JEM_20150388_Fig8){#fig8}

The PCA response of Tim-3 KO mice is reminiscent of enhanced anaphylaxis observed in the *WeeB* mouse strain, which expresses a mutant form of Lyn with reduced catalytic activity ([@bib49]). Studies using *WeeB* mice and mast cells revealed that the majority of Lyn kinase activity is required for negative regulation of mast cell signaling, whereas only a small fraction of Lyn activity is needed to induce mast cell activation ([@bib49]). Given the stronger anaphylactic response in the absence of Tim-3, it seemed possible that Tim-3 might be involved in tuning receptor signal strength through Lyn kinase, and subsequently its negative effects, leading to enhanced mast cell responses in vivo. To further investigate a possible intimate role for Tim-3 in regulating the relative activity of Lyn, we performed siRNA-mediated knockdown of Lyn in WT BMMCs. We then activated these cells with high or low valency Ag to engage its positive and negative functions, respectively, in the presence of Tim-3 cross-linking. Thus, under conditions of weaker stimulation, where Lyn primarily acts to enhance FcεRI signaling, knocking down Lyn expression resulted in decreased cytokine release that could be enhanced by Tim-3 Ab co-stimulation ([Fig. 8 B](#fig8){ref-type="fig"}). Strikingly, under conditions of high intensity stimulation, where the negatively regulatory role of Lyn is revealed, Tim-3 cross-linking was still able to maintain, or even enhance, cytokine secretion ([Fig. 8 C](#fig8){ref-type="fig"}). The degree of Lyn knock-down (∼60%) is shown in [Fig. 8 D](#fig8){ref-type="fig"}. It should be noted that even with in vitro experiments using BMMC, we occasionally observed enhanced cytokine production by Tim-3--deficient mast cells, compared with WT mast cells, when they were stimulated with very high concentrations of Ag (unpublished data). Thus, collectively, our results suggest an intimate role for Tim-3 in regulating the intensity of FcεRI signaling delivered through Lyn. Furthermore, the effects of Lyn knockdown allowed us to clarify the apparently paradoxical effects of Tim-3 knockout in the PCA model, where it is more difficult to control the strength of Ag receptor stimulation.

DISCUSSION {#s10}
==========

We have demonstrated here that Tim-3 enhances mast cell activation by IgE/Ag. Similar to our findings in T cells under conditions of ectopic Tim-3 expression ([@bib34]), Tim-3 exerts this effect without the addition of cross-linking antibodies or exogenous ligands, although galectin-9 is present on mast cells, as is the cis-interacting ligand CEACAM1. To determine whether Tim-3 plays a positive or negative role in mast cell activation, we used both siRNA knockdown of endogenous Tim-3 in BMMCs, as well as a Tim-3--deficient mouse strain. Tim-3 knockdown and KO BMMCs exhibited defective degranulation and cytokine production at both high and low intensity IgE/Ag stimulation. Thus, Tim-3 amplifies the intensity and duration of signaling downstream of FcεRI, leading to cytokine production.

Using BMMCs generated from Nur77^GFP^ reporter mice, we show for the first time that Nur77^GFP^ expression can be used as a readout for FcεRI signaling intensity. Similar to T and B cell receptor signaling ([@bib68]), we observed a bimodal distribution of GFP in Ag-stimulated BMMCs, with increasing Ag dosage favoring an increase in the frequency of mast cells expressing Nur77^GFP^, rather than the amount of GFP itself. The same trend was also observed after co-stimulation with Tim-3 Ab. Thus, Tim-3 engagement acts in a similar manner to increasing Ag dose, leading to intensified IgE receptor activation and an increase in the number of cells reaching a critical threshold for activation. To better define which Ag receptor-induced signaling pathways were driving Nur77^GFP^ expression in mast cells, we used various pharmacologic inhibitors. Our results revealed that, similar to Ag receptor signaling in B cells, Syk activity is required for *Nur77* transcription in mast cells, whereas calcineurin, PI3K--Akt, and MAPK are less essential. In contrast to T cells where PKC is required for Nur77^GFP^ expression, treatment of mast cells with the pan-PKC inhibitor BIM actually up-regulated GFP expression. Given the differential expression of various PKC species in T cells and mast cells, BIM may have prevented the activation of a particular PKC isoform that is normally involved in negative regulation of Nur77 expression. One candidate for this activity is PKC δ, which was previously shown to act as a negative regulator of mast cell activation ([@bib49]).

Another focus of this study was to determine how Tim-3 engagement by antibodies modulates mast cell activation and mediator release. This is a relevant issue, as various Tim-3 antibodies have been used in preclinical models, and are being considered for clinical use as immunotherapeutic agents ([@bib4]; [@bib48]). Consistent with a previous report that Tim-3 pAb could co-stimulate FcεRI-stimulated IL-4, IL-5, and IL-13 ([@bib44]), we showed that this co-stimulation occurred in a dose-dependent fashion. We also identified other Tim-3 antibodies that could up-regulate Ag-stimulated cytokine production to varying degrees, notably the monoclonal Ab 5D12, which has often been used as an antagonist in studies of Tim-3 function in T cells ([@bib9]; [@bib60]; [@bib24]). Tim-3 Ab co-stimulation did not increase the amount of IL-6 produced by Tim-3 knockdown or KO BMMCs, demonstrating the specificity of the antibodies for Tim-3. In a previous study of dendritic cell regulation, Tim-3 pAb pretreatment was able to induce Tim-3 phosphorylation and block LPS-mediated NF-κB activation through recruitment and activation of Btk and c-Src ([@bib38]). We have not observed any significant change in Nur77^GFP^ expression or phosphorylation of downstream signaling intermediates after treatment with Tim-3 pAb alone. Thus, our results suggest that the sensitivity of Tim-3 to Ab cross-linking may differ among cell types.

Our decision to focus on Tim-3 engagement by antibodies was based in part on the nonspecific binding of known Tim-3 ligands to other molecules on mast cells. Thus, phosphatidylserine (PS) can bind to several Tim family members besides Tim-3, including Tim-1 and Tim-4, through a conserved binding pocket in the Ig domain ([@bib15]), in addition to binding to other cell surface receptors ([@bib52]; [@bib21]). Galectin-9 has been shown to bind to Tim-3 and mediate down-regulation of Th1 immunity ([@bib67]). However, galectin-9 is also an IgE-binding lectin and can down-regulate allergic responses by disrupting IgE/Ag complex formation ([@bib45]). Galectin-9 was also shown to bind to the receptor CD44, through which it can regulate inflammation at several levels ([@bib30]; [@bib46]; [@bib59]; [@bib62]). Tim-3 expressed on tumor-infiltrating DCs interacts with the alarmin HMGB1, a DNA-binding protein associated with cellular injury, and interferes with an HMGB1-activated nucleic acid sensing system in the tumor microenvironment ([@bib8]). However, HMGB1 can also bind to TLR4, which is expressed on mast cells, and the cellular receptor RAGE ([@bib57]). Thus, engaging Tim-3 through Ab treatment offers a mechanism to more specifically modulate Tim-3 activity. Understanding how various antibodies can enhance or antagonize Tim-3 signaling will be important for the development of more effective Ab-mediated Tim-3 immunotherapies.

In addition to the previously described in-trans ligands of Tim-3, we also examined other effector molecules that have been described as regulators of Tim-3 function. We found that the chaperone Bat3, a putative negative regulator of Tim-3 function in T cells ([@bib51]), is expressed in mast cells, but mechanisms of its function are relatively unknown. CEACAM1 was recently described as a binding partner of Tim-3 and was observed to be coexpressed with Tim-3 during the induction of T cell tolerance ([@bib24]). We detected CEACAM1 expression in both the MC/9 mast cell line and primary BMMCs, although its role in mast cell function is unclear. Thus, the potential roles that Bat3 and CEACAM1 may play in regulating mast cell function via Tim-3 require further investigation. Nonetheless, the enhancement of mast cell activation by Tim-3 cannot be solely attributed to the lack of expression of either Bat3 or CEACAM1.

FcεRI is a multichain receptor lacking intrinsic kinase activity and, as such, uses Src family tyrosine kinases (SFKs) for signal initiation and propagation. We showed that the tyrosine-containing cytoplasmic tail of Tim-3, which is indispensable for Tim-3 co-stimulation of T cell activation ([@bib34]), was also required for its co-stimulatory activity in mast cells. NF-κB and NFAT/AP1 promoter activity were most affected when five of the six tyrosines were removed. Although it is possible that Tim-3 might signal through a tyrosine-independent mechanism, we consider this unlikely, given the lack of any other obvious signaling motifs in this region and our previous findings that Fyn kinase could associate and phosphorylate Tim-3 at these residues. We explored the contribution of SFKs involved in mast cell activation in an IL-6 reporter assay using the pan-SFK inhibitor PP2. Surprisingly, Tim-3--mediated IL-6 reporter activity was not affected by high concentrations of PP2, and was in fact enhanced at low concentrations of PP2. In contrast, pharmacologic inhibition of Syk drastically diminished Tim-3--mediated IL-6 reporter activity. These results indicate that Tim-3 activity converges on FcεRI-mediated intracellular pathways that require Syk for both of its catalytic and adaptor functions. Given the complex hierarchical network of multiple SFKs in mast cell regulation, their variable sensitivity to PP2, and the existence of both positive and negative regulatory activities depending on Ag affinity and concentration ([@bib63]; [@bib22]; [@bib10]), it will be important to determine the prominent kinases that cooperate with Tim-3 to amplify responses to Ag stimulation. Lyn is a particularly appealing candidate for this activity. Thus, Lyn has been shown to possess both positive and negative regulatory functions in FcεRI activation in response to intensity of stimulus ([@bib63]), and recruitment and activation of Syk requires phosphorylation of FcεRIγ ITAMs by Lyn ([@bib50]; [@bib12]). Previous studies also showed that Lyn is constitutively associated with FcεRIβ in both soluble and lipid raft fractions and that this association is increased upon FcεRI aggregation ([@bib22]). Thus, the majority of the evidence points to a close association between FcεRIβ, Lyn, and Tim-3 under basal conditions. Upon high intensity Ag stimulation, FcεRI is recruited into the lipid rafts, where enhanced β phosphorylation by Lyn occurs to facilitate binding of phosphatases, leading to down-regulation of signaling ([@bib22]).

We also examined the potential signaling pathways leading to enhanced degranulation and cytokine production Tim-3 pAb and Ag co-stimulation. Specifically, Tim-3 cross-linking led to increased Ag-mediated PLC-γ1 phosphorylation, which is necessary for mast cell degranulation, yet failed to enhance Ag-activated phosphorylation of Erk, JNK, or p38. PLCγ1 is a substrate of Syk and increased PLCγ1 activity implies that Syk activity may also be positively regulated by Tim-3 engagement. However, we did not reliably observe increased Syk phosphorylation after Tim-3 co-stimulation (unpublished data). Syk is phosphorylated on several tyrosines, which are differentially regulated by either autophosphorylation or transphosphorylation by SFKs, such as Lyn ([@bib56]). Because we only examined phosphorylation of Y519 and Y520, indicators of Syk autophosphorylation, it is possible that Lyn-mediated phosphorylation of other activating tyrosines could be promoted by Tim-3 cross-linking. PI3K--mTOR signaling pathways are crucial to mast cell survival, proliferation, protein synthesis, and metabolism. Here, we showed that Tim-3 enhancement of Ag-activated cytokine secretion correlates with sustained S6 phosphorylation. Tim-3 pAb co-stimulation was previously shown to rescue IL-3 withdrawal-mediated apoptosis of mast cells, through induction of Ag-mediated IL-3 release ([@bib44]). Our data provide additional evidence to support a direct role for Tim-3 in mast cell survival, proliferation, and cytokine production.

Studies using pharmacologic inhibitors and genetic models have unraveled a complex network of positive and negative regulation of mast cell activation by SFKs, and Lyn in particular. Our studies suggest that Tim-3 can fine-tune FcεRI signal strength and modulate the negative and positive aspects of Lyn kinase activity. We found that Tim-3 colocalizes with FcεRI complex at the cell surface and associates with FcεRI β and γ subunits. Given the involvement of the FcεRI β subunit ITAM in mediating negative regulatory activity of Lyn, it is possible that Tim-3 cross-linking controls this negative signal by competing with Lyn for association with FcεRIβ. In addition, further studies are needed to determine whether Tim-3 engagement or deficiency affects activation or localization of Lyn. Although Lyn is the major SFK in mast cells, other members such as Fyn, Hck, and Fgr play more straightforward roles as positive regulators of mast cell activation. Lyn is known to negatively control Fyn and Fgr activity ([@bib47]; [@bib34]). Therefore, Tim-3 cross-linking may preferentially enhance Fyn, Hck, or Fgr kinase activity, bringing the net SFK signal to a positive one.

We propose a model in which Tim-3 cross-linking provides a co-stimulatory signal (or set of signals) that integrates into the stimulatory signals that regulate IgE/Ag-mediated mast cell activation. In the absence of Tim-3, there is reduced functional output as a result of decreased Ag receptor intensity. However, Ag receptor signaling at high concentrations (or valency) of Ag is more complex, and the altered output may be attributed to reduced Lyn activity, most of which is involved in negative feedback signaling ([@bib49]), leaving the residual kinase activity to enhance biological functions ([Fig. 8 E](#fig8){ref-type="fig"}). Performing the PCA assays with weaker Ag stimulation (i.e., varying either the dose or valency) may help to confirm or refine this model. However, with the standard PCA model, the response rapidly declines to undetectable levels below the amount of Ag that we and others have used ([@bib49]). Further testing of this model in vivo will require more sensitive assays for mast cell function, as well as more sophisticated models of conditional Tim-3 deficiency.

Collectively, our findings suggest that Tim-3 promotes mast cell activation and cytokine production by closely associating with FcεRI and its proximal signaling pathways. Contrary to the negative regulatory role that has been described in other innate and adaptive immune cells, Tim-3 activity in mast cells is unequivocally positive, despite the presence on mast cells of multiple Tim-3 ligands, which have been previously described to mediate inhibition of cellular activation through Tim-3. Aside from their well-known role in hypersensitivity, mast cell involvement in inflammation-associated with cancer, and other nonallergic diseases has been increasingly appreciated ([@bib7]). Tim-3 is detected on tumor infiltrating human mast cells and its expression is increased upon TGF-β treatment ([@bib61]). Increased numbers of Tim-3/chymase double-positive mast cells have been shown to correlate with the severity of chronic inflammatory periodontitis ([@bib23]). Manipulation of Tim-3 activity on mast cells could be a promising target for development of novel therapeutic modalities to combat cancer and allergic and autoimmune disease.

MATERIALS AND METHODS {#s11}
=====================

 {#s12}

### Antibodies and reagents {#s13}

Monoclonal anti-dinitrophenyl (DNP) Ab, IgE isotype, clone SPE-7, anti-Flag Ab M2, DNP~32~ --HSA, 4-Nitrophenyl *N*-acetyl-β-D-glucosaminide (pNAG), and cyclosporin A (CsA) were obtained from Sigma-Aldrich. DNP~5~--BSA was purchased from Biosearch Technologies. Purified polyclonal Ab (Tim-3 pAb), directly fluorescence-conjugated Ab to murine Tim-3, and normal goat IgG control were purchased from R&D Systems. Purified mouse IgG control and mouse Fc block (clone 2.4G2) were obtained from BD. Ab to FcεRI β chain was purchased from Santa Cruz Biotechnology. Antibodies to Bat3 and FcεRI γ chain were purchased from EMD Millipore. Monoclonal antibodies to murine Tim-3 (5D12, 3E3) and purified Tim4-Fc were obtained from V. Kuchroo (Harvard Medical School, Cambridge, MA). Phosphospecific Abs to ERK (T202/Y204), PLC-γ1 (Y783), and total PLC-γ1 were obtained from BD. Phosphospecific antibodies to p38 MAPK (T180/Y182), SAPK/JNK (T183/Y185), and total Lyn were purchased from Cell Signaling Technology. Fluorescent antibodies to CEACAM1/2 (CD66a) and mouse IgG isotype control were obtained from eBioscience.

Phorbol myristate acetate (PMA), ionomycin, aprotinin, leupeptin, pepstatin, sodium orthovanadate, 4-(2-aminoethyl)benzene sulfonyl fluoride (AEBSF), inhibitors to Src-family kinases (PP2), Syk (BAY61-3606), PI3K (LY294002), MEK (UO126), and Akt (Akt*i* 1/2) were purchased from EMD Biosciences. Inhibitor to PKC (Bisindolylmaleimide \[BIM\] VIII) was purchased from Cayman Chemical. IL-6 luciferase reporter constructs (full length, mutants lacking binding sites for NF-κB, AP1, C/EBP, and NF-κB/C/EBP) were obtained from S. Gaffen (University of Pittsburgh, Pittsburgh, PA), and were originally obtained from O. Eickelberg (Helmholtz Zentrum Munchen, Munchen, Germany).

### Mice {#s14}

Tim-3 KO mice were originally obtained from John Colgan (University of Iowa, Iowa City, IA). The Nur77^GFP^ reporter mouse, C57BL/6-Tg(Nr4a1-EGFP/cre)820Khog/J, was purchased from The Jackson Laboratory. Additional Nur77GFP mice were obtained from A. Weiss and J. Zikherman (University of California, San Francisco, CA)All mouse strains had been backcrossed for at least 10 generations to C57BL/6 and were maintained in the University of Pittsburgh Animal Facility. Age-matched female WT C57BL/6 mice (7--8 wk old) were purchased from The Jackson Laboratory and housed for 7 d before use as control for PCA experiments. All studies were performed in accordance with University of Pittsburgh Institutional Animal Care and Use Committee procedures.

### BMMC and mast cell line culture {#s15}

BM cells from C57BL/6 WT and KO mice were cultured in RPMI-1640 supplemented with 10% BGS, nonessential amino acid, 2-ME, Hepes, penicillin/ streptomycin with glutamine, and 20% IL-3--conditioned media for 4--6 wk, after which \>95% of viable cells are mature mast cells (c-kit^+^ FcεRI^+^ by flow cytometry). MC/9 mast cells were maintained in DMEM supplemented with 10% BGS, 2-ME, penicillin/streptomycin with glutamine, and 10% IL-3--conditioned media.

### BMMC stimulation and cytokine measurement {#s16}

BMMCs were sensitized with 1 µg/ml IgE overnight in complete media without IL-3. Cells were then stimulated with either anti-IgE DNP~32~-HSA or DNP~5~-BSA in IL-3--free media for indicated times. Supernatants were assayed for murine IL-6 and TNF by ELISA (BioLegend) 6 or 24 h after stimulation.

### β-hexosaminidase release and flow cytometry assays for mast cell degranulation {#s17}

BMMCs (2.5 × 10^5^ cells) were stimulated in Tyrode's buffer (135 mM NaCl, 5 mM KCl, 5.6 mM glucose, 1.8 mM CaCl~2~, 1 mM MgCl~2~, 20 mM Hepes, and 0.5 mg/ml BSA). 30 min after stimulation, supernatants (stimulated release) were collected and cells were lysed with 200 µl of 0.5% Triton X-100 in PBS for 15 min on ice. 20 µl each of lysate (content) and stimulated release were mixed with 20 µl of 1 mM pNAG substrate for 1 h at 37°C. Reaction was stopped by addition of 200 µl of carbonate buffer (0.1 M, pH 9.0) and absorbance was read at 405 nm. Percentage of β-hexosaminidase release was calculated using the following equation: % release = (release^stimulated^/content^total^) × 100.

Measurement of degranulation by flow cytometry was conducted as previously described ([@bib11]; [@bib58]). In brief, BMMCs were loaded with 0.1 µM of LysoTracker Deep Red (Invitrogen) for 30 min at 37°C and then sensitized with 1 µg/ml IgE for 1 h. Receptor cross-linking was induced by addition of DNP~32~-HSA at indicated concentration or 2 µM ionomycin as positive control for 90 min before Annexin V staining (BioLegend). Percent of degranulation was determined as percentage of BMMCs that was AnnexinV^+^Lysotracker^lo^.

### Transcriptional reporter assays {#s18}

MC/9 mast cells (15 × 10^6^) were transfected with 15 µg of NF-κB-luc, NFAT/AP1-luc, NFAT-luc, AP1-luc, or IL-6-luc together with the indicated amount of empty vector (pCDEF3), or FLAG-tagged Tim-3: full length (FL), truncation 1, or truncation 2 mutants (T1 or T2). Transfection was by electroporation at 290 V, 950 μF using a Gene Pulser II apparatus (Bio-Rad Laboratories). 24 h later, transfected cells were collected and stimulated with 0.5 µg/ml IgE and the indicated amount of DNP~32~-HSA Ag for 6 h. Luciferase assays were conducted as described previously ([@bib29]).

### siRNA knock-down of Tim-3 and Lyn in BMMC by nucleofection {#s19}

BMMCs (3 × 10^6^) were transfected with 100 pmol of nonspecific, Tim-3, or Lyn siRNA (GE Healthcare) using the mouse macrophage nucleofector kit (Lonza), Y-001 program, and the Nucleofector II/2b device (Lonza). Transfected cells were collected after 48 h and efficiency of knockdown was determined by Tim-3 staining, followed by flow cytometry. Efficiency of Lyn knockdown was determined by Western blotting.

### Immunoprecipitation and Western blotting {#s20}

BMMCs or MC/9 were stimulated as described above. Cells were lysed in 1% Nonidet-P-40 lysis buffer (20 mM Tris-HCl, pH 7.5, and 150 mM NaCl) supplemented with AEBSF, aprotinin, leupeptin, pepstatin, sodium fluoride, sodium orthovanadate, and β-glycerophosphate on ice for 20 min. Lysates were centrifuged at 4°C for 15 min. For Western blotting analysis, SDS-containing sample buffer was added to lysates before loading onto 10 or 12% SDS-PAGE gels when analyzing for FcεRI β and γ chains. For IPs, lysates were incubated overnight at 4°C with appropriate antibodies. Immune complexes were precipitated at 4°C for 2 h with protein A or G agarose beads (Thermo Fisher Scientific) for rabbit or mouse Abs, respectively, then washed with NP-40 lysis buffer three times before analysis by SDS-PAGE gels. Proteins were transferred onto polyvinylidene difluoride (PVDF) membranes using the PierceG2 fast blotter (Thermo Fisher Scientific), probed with appropriate antibodies, and imaged on a ProteinSimple Fluochem M cooled charge-coupled device imager (ProteinSimple).

### TIRF microscopy {#s21}

Anti-DNP IgE was labeled with Alexa Fluor 647 (Life Technologies). BMMCs were transfected with Tim-3-mYFP construct by nucleofection (Lonza). 24 h after transfection, BMMCs were sensitized with 1 µg/ml IgE-Alexa Fluor 647 for 1 h at 37°C. 3 × 10^5^ cells were loaded into poly-D-lysine--treated glass bottom dishes (Thermo Fisher Scientific) coated with 1 mg/ml DNP~32~-HSA Ag in PBS for 1 h and fixed with 2% PFA. Images were captured in TIRF mode using Nikon Eclipse Ti Live Cell Microscope equipped with Andor Zyla VSC-00311 camera and Apo TIRF 100× oil DIC N2 objective, and analyzed with NIS-Elements Ar 4.20 software (Nikon). Colocalization analysis was performed using the Spots Colocalize function of the Imaris Scientific 3D/4D Imaging Processing and Analysis software (Bitplane).

### Passive cutaneous anaphylaxis (PCA) {#s22}

Mice were sensitized by intradermal injection of anti-DNP IgE (50 ng/50 µl) or equal volume of vehicle (PBS) in each ear. 24 h later, mice were challenged i.v. with DNP~32~-HSA (100 µg/200 µl in PBS). Mouse ear edema was evaluated by measuring ear swelling at indicated time points. The percent change in ear thickness of PBS- or IgE-treated ears was determined as changes above baseline before Ag challenge. Results are represented as the mean ± SEM. Two-way ANOVA analysis was performed with Bonferroni post hoc multiple comparison test. Outliers were removed using Outlier calculator (GraphPad software).

### Statistical analysis {#s23}

All statistical analysis was performed using Prism software (GraphPad Software). Paired, two-tailed Student's *t* test, one-way and two-way ANOVA with Bonferroni post hoc test were used for data analysis and determination of p-values, as appropriate.

We thank A. Weiss and J. Zikherman for providing Nur77^GFP^ mice, and A. Weiss for critical reading of the manuscript. We also thank C. Carey for assistance with the PCA experiments.

This work was supported by Public Health Service grants R56AI067544 and P01AI073748 to L.P. Kane, R01AI093737 and R01AI054821 to J.D. Colgan, and 1K01AR067250-01A1 to T.L. Sumpter.

The authors declare no competing financial interests.

Abbreviations used:AbantibodyAgantigenBMMCBM-derived mast cellCEACAM1carcinoembryonic Ag cell adhesion molecule 1DNP2,4-DinitrophenylHAShuman serum albuminHMGB1high mobility group protein B1NR4A1nuclear receptor subfamily 4, group A, member 1Nur77nuclear hormone receptor 77PCApassive cutaneous anaphylaxisPKCprotein kinase CPLC-γ1phospholipase C-γ1PSphosphatidylserineSFKSrc family tyrosine kinaseTim-3T cell immunoglobulin and mucin domain protein 3
